. This paper investigates link performance abstraction for the IAC systems employing maximum-likelihood detector (MLD). The link performance of MLD can be estimated by combining two performance bounds, namely, linear receiver and genie-aided maximum-likelihood (ML) receiver. We propose a new adaptive approach where the combining parameter is adaptively adjusted according to instantaneous interference-to-signal ratio (ISR). The basic idea is to exploit the probabilistic behavior of the optimal combining ratio over the ISR. The link-level simulation results are provided to verify the prediction accuracy of the proposed link abstraction method.
I. INTRODUCTION
In order to improve coverage and spectral efficiency, Long Term Evolution-Advanced (LTE-A) systems are designed to operate with an aggressive frequency reuse factor and a high density of base station (BS) sites. Especially, the BSs in the LTE-A network may achieve multiple accesses via multipleinput multiple-output (MIMO) technology and allow user equipments (UEs) to share the same frequency-time resources. This will inevitably lead to severe inter-cell interference problem. In this context, advanced co-channel interference aware signal detection has drawn research attention during the recent development of LTE-A systems [1] [2] . The interferenceaware communications (IAC), termed network-assisted interference cancellation and suppression (NAICS), is currently being studied for inclusion in LTE Release 12 [3] .
With network assistance, the advanced IAC receiver will provide significant performance benefits [2] [3] . In order to realize the actual performance improvements in LTE-A systems, it is essential to incorporate the performance gain from employing the IAC receiver into adaptive transmission techniques such as link adaptation. Channel quality indicator (CQI) plays a key role in the link adaptation process. The link adaptation is performed by the BS using CQI reports from a UE. This means that more accurate CQI measurement at the UE side gives more throughput gain. To this end, the UE requires a link abstraction method to estimate the block error rate (BLER) of each modulation and coding scheme (MCS) for given current channel condition and selects as a CQI value the highest MCS which achieves a target BLER.
Traditionally, signal-to-interference-plus-noise ratio (SINR) is used as a representative output to obtain an instantaneous BLER [4] . Taking account of the fact that the coded bits transmitted by MIMO-orthogonal frequency division multiplexing (OFDM) systems are spread over different spatial layers and subcarriers, a link abstraction method of MIMO-OFDM systems can be composed of two stages, namely, layer separation in the MIMO system and effective SINR mapping (ESM) in the OFDM block. First, at each OFDM subcarrier, we derive a post-processing SINR for each spatial layer of a MIMO system and then utilize mutual information per coded bit (MIB) metric to convert a set of different post-processing SINRs, obtained over the frequency-selective coded OFDM system, into a single MIB. This MIB value is used to predict instantaneous BLER of MIMO-OFDM systems.
The post-processing SINR of each spatial layer is dependent on the detection algorithm used in MIMO systems. In the case of MIMO systems with linear receivers such as minimum mean-squared error (MMSE) and zero-forcing (ZF) receivers, the post-processing SINR is readily given by the output SINR. However, when it comes to the maximum-likelihood (ML) receiver, it is not straightforward to calculate the postprocessing SINR since the ML-based demodulation is a nonlinear process. In [5] , a new approach was introduced to estimate the post-MLD SINR for a single cell MIMO by combining the two performance bounds of linear MMSE receiver and genie-aided ML receiver. Unfortunately, the previous approach assumes the combining ratio between the two bounds to remain fixed for the involved MCS. In this paper, we propose an adaptive approach where the combining parameter is adaptively computed based on the instantaneous interference-to-signal ratio (ISR). The basic idea is to exploit the probabilistic behavior of the optimal combining ratio over the ISR.
The remainder of this paper is organized as follows: first, Section II presents system model of IAC and introduces the equations for the exact evaluation of MIB. In Section III, we propose an ISR-adaptive approach to overcome the drawback of the conventional static approach. Section IV shows simulation results comparing with the conventional approach. Finally, conclusions are made in Section V.
II. SYSTEM MODEL
In this section, we describe system model and the achievable MIB of IAC receiver. We consider downlink MIMO-OFDM systems where two BSs equipped with N t transmit antennas are transmitting their own messages, respectively, to the desired UE equipped with N r receive antennas.
Let us denote the V i -dimensional complex signal vector transmitted from BS i at the k-th subcarrier as
denotes the v-th spatial layer at subcarrier k, V i indicates the number of layers, and (·) T denotes the transpose of a vector. Symbol
Without loss of generality, we assume that BS 1 is the serving BS and BS 2 is the interfering BS.
Let us define r k as the received signal vector by the desired UE at the subcarrier k. Then, r k can be written as
where H i k denotes an effective channel matrix comprising distance dependent pathloss, the actual channel matrix and the precoding matrix, n k denotes the additive noise vector whose elements are independent and identically-distributed (i.i.d.) complex Gaussian with variance σ 2 n and K represents the total number of coded subcarriers.
Under our assumptions, the channel transition probability is given by
where P b 1 k,v,m = b denotes the probability that the random variable b 1 k,v,m takes on the value b, b = 0 or 1. Then, assuming the interference-aware ML detection [2] without a priori information, we can compute the LLRs by
where χ(i) denotes the set of all possible symbol vectors x i k , which is obtained as the V i -fold Cartesian product of S i , and
. Finally, the exact MIB of the v-th layer on the k-th subcarrier can be obtained by [6] 
where
.
The equations (5) and (6) will generate the exact MIB of the v-th layer on each subcarrier k. However, the main problem with this approach is that when evaluating mutual information values in (6) , the search candidate number of elements in χ(i) grows exponentially with the number of transmit antennas and/or bits per symbol, which is prohibitively complex for practical use in link adaptation. In the following sections, we consider a simple and computationally efficient approach for estimating the MIB of each spatial layer in MIMO systems.
III. PROPOSED LINK ABSTRACTION METHOD
In this section, as the first stage of link performance abstraction of MIMO-OFDM systems, we present a new adaptive approach to the layer separation for MIMO systems. To this end, we define a lower and upper bound to the MIB by assuming the linear MMSE receiver and the genie-aided MLD receiver, respectively.
As to unbiased MMSE receiver, the post-processing SINR of the v-th layer on the k-th subcarrier can be expressed as [7] γ MMSE
where σ 2 k,v denotes the mean-squared error (MSE) for the v-th layer at the k-th subcarrier.
Under the assumptions made for the system model in (1), the MSE, denoted as σ 2 k,v , can be computed as
whereH k = H 1 k , H 2 k , (·) † indicates the complex-conjugate transpose, I r denotes an identity matrix of size r, and [·] n,n represents the n-th diagonal element of a matrix.
In comparison, the post-MLD SINR can be upper-bounded by the genie-aided IF receiver and the corresponding SINR of the layer v can be represented as
where h i k,v indicates the v-th column of H i k . By using the two SINRs given by (7) and (9), the post-MLD SINR can be lower-and-upper bounded as follows:
where the function F can utilize different metrics such as channel capacity or MIB, i.e., F(γ) = log 2 (γ + 1) or
In this work, we focus on the MIB metric. An efficient approach for MIB computation is developed in 
and
Finally, the post-MLD SINR can be modeled by using a combining ratio β as
where we use the subscript ISR in order to emphasize that the combining ratio β is adaptively adjusted according to the instantaneous ISR. Recall that the previous approach proposed in [5] assumed the combining parameter β to remain fixed for the involved MCS. As seen from the definition, the parameter β ISR can not be larger than one (β ISR ≤ 1).
In order to characterize the probabilistic behavior of optimal β ISR over the ISR in Equation (13), we apply Monte-Carlo simulations to obtain the exact MIB M ML k from Equation (5) and (6) . We also compute the corresponding two bounds M low k and M up k from (7), (9), (11) , and (12). Then, we can find the optimal β ISR value which satisfies (13). We present the numerical results for the case of V 1 = V 2 = 1 with MCS 1 = 9 and M 2 c = 4QAM in Fig. 1 . Here, motivated by the Chernoff bound expression on pairwise error probability 1 Note that for notion brevity, we drop off the layer index v, e.g., in Rayleigh fading channels, we define ISR k as
By the definition of ISR k in (14), ISR k ranges between 0 and 1, i.e., 0 ≤ ISR k ≤ 1. Fig. 1 shows that the optimal β ISR is well approximated by a single constant value for low ISRs and increases linearly to one as ISR k grows. The observation suggests that the combining parameter β ISR needs to be adaptively chosen according to the instantaneous ISR. In particular, the optimal β ISR behavior can be approximated by the following piecewise approximation, represented by the solid blue line in Fig. 1 ,
A. Effective SINR mapping (ESM)
As one codeword in a coded OFDM system is transmitted over the subcarriers which have different channel gains, we require ESM to map the post-processing MIB values across the subcarriers into a single SINR value, which is then used to estimate instantaneous BLER of the link by looking up the AWGN reference curve.
Link performance abstraction is given as a function of MIB values M ML k across the subcarriers belonging to one codeword. Once the (per-layer) post-MLD MIB values {M ML k } K k=1 over the K sub-carriers are obtained, we compute a mean MIB (MMIB), denoted by M ML mmib , as
Then, M ML mmib can be inversely mapped to get the effective SINR
Finally, the estimate of BLER can be obtained by mapping SIN R ef f to BLER via looking up the AWGN look-up table
where LU T AW GN (SN R, M CS) is the mapping function which is specific to the involved MCS and code length. The mapping functions need to be acquired in advance from LLS over AWGN channel for the all specific conditions of interest. It is worthy of noting that we can also use a direct MMIB to BLER relationship in order to directly map M ML mmib to the estimated BLER as follows [4] 
where LU T mmib AW GN (MIB, MCS) can be derived from the two functions I Mc (γ) and LU T AW GN (SN R, M CS) .
In summary, our link abstraction method needs only the table of three parameters y 0 , y 1 and β min for each set of MCS 1 and M 2 c along with the MIB and AWGN reference tables for I Mc (γ) and LU T AW GN (SN R, M CS) .
IV. DISCUSSION AND NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed ISR-adaptive link abstraction method, comparing with the conventional static method to demonstrate the efficacy of our proposed method. To this end, we need to tune the model parameters y 0 , y 1 and β min by training the proposed link abstraction model given by (15) . We consider the advanced IAC receiver with the closed-loop 2-by-2 MIMO configuration specified for LTE systems. Unless otherwise stated, we assume LTE 3GPP specifications (series 36) as the baseline for our following discussion and simulations [8] The aim of link model training is two-folded. On one hand, the training is considered as a process of tuning the model parameters to capture non-ideal effects in the link performance abstraction, including non-linear MMIB procedure in (16) and (17) and non-Gaussian interference against the use of AWGN reference curves in (18). On the other hand, the training aims to avoid overestimation of link performance, taking into account practical implementation issues in the IAC receiver. For example, in order to reduce the receiver complexity, we assume that the max-log approximation is applied both for demodulation and decoding [11] so that we can avoid the logarithm of a sum of exponential functions in computation of LLR. In this case, the link abstraction based on the theoretical MIB will overestimate link performance and thus we need to tune the parameter β ISR obtained by the MIB analysis. As a result, the training allows the link abstraction model to have the best model parameters for minimizing the error between the estimated BLER BLER est given by Equation (18) and the actual BLER obtained from link-level simulations. The tuned parameter β tuned ISR will be obtained through numerical fitting. The details are given by the pseudo-code shown in Algorithm 1. Here, the simulated BLER, denoted by BLER monte , is obtained by Monte-Carlo simulation from LLS over the SNR region of interest S snr for each realization {h 1 k , h 2 k } K k=1 of 100 randomly generated OFDM channel realizations S channel . In order to avoid exhaustive search over the entire search space S y0,y1,βmin , we apply an iterative 2D-directed search method followed by 3D-directed search. Each step of 2D search consists of searching nine locations, around the point (y 0 , y 1 ) in the y 0 -y 1 plane, given by pairs of {y 0 , y 0 ± Δ} and {y 1 , y 1 ± Δ}. We start with the origin (y 0 , y 1 ) = (0, 0) and Δ = 1 with setting β tuned min = −∞ to find the location with the minimum MSE and make it the new origin, denoted as (ŷ tuned 0 ,ŷ tuned 1 ). This procedure continues for the current step size Δ until the new origin is the same as the previous origin. We then repeat search with the new step size Δ = Δ/10 until Δ = 0.01. Finally, we perform similar 3D search with the origin (y 0 , y 1 , β min ) = ŷ tuned 0 ,ŷ tuned , β tuned min is given in Fig. 2 for a few representative MCS 1 's with M 2 c = 4QAM . For comparison purpose, we also add the plots corresponding to the conventional static approach. As shown in the figure, the two lines of adaptive and fixed model parame- ters intersect each other in an equal power region around ISR k = 1 − exp(−1) = 0.632. This observation tells us that the conventional static approach tends to find the parameter β optimal for the case of ||h 1 k || ≈ ||h 2 k ||. Fig. 3 and 4 compare the prediction accuracy of the proposed approach with that of the conventional approach for the IAC with V 1 = 1 and V 2 = 1, denoted by 2x2 IAC, where the BSs use a combination of MCS 1 = 9 and M 2 c = 4QAM , and MCS 1 = 17 and M 2 c = 16QAM , respectively. The AWGN reference curve plots the mapping function LU T AW GN (SN R, M CS) corresponding to the involved MCS 1 while each blue dot marks the coordinate of (SIN R ef f , BLER monte ) for a different channel state of {h 1 k , h 2 k } K k=1 ∈ S new channel and σ 2 n ∈ S new snr . Therefore, the accuracy of the abstraction can be measured by the difference between SIN R ef f and SIN R awgn = LU T −1 AW GN (BLER monte , MCS 1 ). In other words, the closer the dots approach the AWGN reference curve in horizontal distance (corresponding to the distance between the two points (SIN R ef f , BLER monte ) and (SIN R awgn , BLER monte )), the more accurate prediction is achieved by the link abstraction method. The simulation results show that a substantial improvement in the prediction accuracy can be achieved if the ISR is taken into account in parameterization of combining ratio β. Although extended simulation results for arbitrary numbers of transmission layers V 1 ≥ 1 and V 2 ≥ 1 are not presented in this paper due to space limit, they show that the presented approach works well for those cases.
V. CONCLUSION
In this paper, we have investigated link performance abstraction of the IAC systems employing the maximumlikelihood detector in multicell interfering networks. The work was inspired by our observation that the optimal β ISR is well approximated by a single constant value for low ISRs and increases linearly to one as the ISR grows. We have proposed the adaptive link abstraction model relying on the interferenceto-signal ratio (ISR). The proposed ISR-adaptive strategy outperforms the conventional static approach in terms of the BLER prediction accuracy by overcoming the drawback of the conventional static strategy, which proves that the proposed link abstraction model can improve the CQI calculation of the future IAC systems.
